T he ocular refractive components undergo precisely coordinated physical alterations during ocular growth, to attain and maintain normal emmetropic visual acuity, so that the image focus falls on the retinal plane. 1 Any discordance between the axial length and other optical refractive components, such as corneal and lenticular curvatures would result in ametropia and blurred visual acuity, in which the focus of the image falls either in front of (myopia) or behind (hyperopia) the retina. It is thought that biological visual cues guide ocular growth, and determinants have been actively studied in experimental myopia in various animal species. [1] [2] [3] [4] [5] [6] The models invariably alter the axial length of the eye with noted changes in scleral wall physiology. To date, the molecular events that synchronize the changes remain unclear.
The sclera plays a key role in maintaining the axial length and the vitreous depth, a major factor contributing to the progression of myopia. 7 Studies of progressed human myopia have found significant reduction in collagen contents with corresponding reduced scleral thickness. 8 -11 Compared with normal sclera, highly myopic eyes have smaller collagen fibril diameters with an altered lamellar interwoven fibril bundle arrangement, 10 suggesting potential changes in collagen components.
Changes in scleral collagen fibrils were examined in animal models of induced myopia, where reduced scleral thickness has been observed. [12] [13] [14] [15] [16] In the tree shrew, regulation of collagen content occurs at both the mRNA and protein levels. There is noted significant reduction in the expression of type I collagen, whereas the expression of type III and V collagens remains relatively steady. 17 Increased degradation of collagen fibrils and the extracellular matrix (ECM) also occur during scleral remodeling. 18 -20 The molecular mechanisms of scleral remodeling remain to be elucidated. Several signaling molecules have been examined for their roles in influencing scleral enlargement. 15, [21] [22] [23] [24] [25] [26] The family of multifunctional transforming growth factors (TGFs) regulate cellular processes, including ECM structure. 27 Increased TGF-␤ levels result in increased collagen gene expression and protein synthesis in fibroblast cells. 21 Reduced TGF-␤ expression has been observed in the sclera of experimentally induced myopic animals, suggesting an important role in regulating scleral remodeling during the development of myopia. 21 Other genes and pathways, such as paired box gene 6 (PAX6), 28, 29 members of the Notch signaling pathway, 30, 31 sonic hedgehog (shh) signaling molecules, 32 and bone morphogenetic proteins (BMPs), 33 may also play a role in scleral remodeling.
We hypothesize that gene signaling during scleral expansion and remodeling during myopic development may have similarities to scleral enlargement signals noted during normal ocular growth toward emmetropia. Both processes may use common pathways to achieve increases in scleral surface area and eye size. To work toward testing this hypothesis and to identify genes and pathways responsible for scleral expansion during ocular development, we performed gene expression profiling using mouse sclera at two stages of development. It has been shown that eyes of mice that undergo visual form deprivation have significant myopia due to an increase in the axial length, 34, 35 thus resembling other well-characterized mammalian and nonmammalian models of induced myopia. [12] [13] [14] [15] [16] This information may be useful for further studies of mouse sclera, especially in induced-myopia experiments.
METHODS

Animals
This study protocol was approved by the Institutional Animal Care and Use Committee of the Children's Hospital of Philadelphia and was in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Eighteen each of C57BL/6J mice at 3-and 8-weeks of age were killed. Mouse eyes were microdissected to obtain sclera. Mouse sclera is a fibrous tissue containing small amounts of RNA. To obtain a sufficient amount for conducting oligonucleotide microarray analysis, sclerae from six mice in the same age group were pooled. Three independent pooled replicates from each age group were processed in parallel for all experimental procedures.
RNA Extraction and cDNA Microarray
Scleral RNA was isolated (TRIzol) according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). RNA yields were assessed by absorbance at 260 nm, and the quality was confirmed (model 2100 bioanalyzer; Agilent Technologies, Inc., Palo Alto, CA). After reverse transcription of total RNA (Superscript II cDNA synthesis kit; Invitrogen), the cDNA was in vitro transcribed to produce biotin-labeled cRNA (Enzo Life Sciences, Inc, Farmingdale, NY). The purified biotinlabeled cRNA was fragmented into 50-to 200-bp products and hybridized to a gene microarray (GeneChip Mouse Genome 430 2.0 Array chips; Affymetrix, Inc., Santa Clara, CA) at 45°C for 16 hours. Posthybridization wash and streptavidin-phycoerythrin staining protocols were performed (Fluidics Station 450; Affymetrix, Inc.), and the microarray chips were scanned (GeneChip Scanner 3000; Affymetrix, Inc.). Six array chips (six pairs of mouse eyes per chip), representing three independent and pooled replicates for each age group were used in the study.
Data Analysis
Data collection and probe level intensity analysis were performed (GeneChip Operating Software version 1.2; Affymetrix, Inc.). Probe intensities were normalized, and expression signals of all genes (probe sets) were calculated using GCRMA (GC robust multiarray analysis, as implemented in GeneSpring ver. 7.1; Silicon Genetics, Redwood City, CA). Principal components analysis (PCA) was used to assess variability of all samples. Data from one 3-week-old mouse array chip (chip no. 3) showed large variation and was excluded from further array statistical analysis. Although it was not included in the analysis, data from that chip showed a similar trend of gene expression relative to the two other 3-week-old mouse array chips. We are unable to repeat the experiment with an additional chip.
GCRMA expression levels were recalculated from the five remaining chips (two from 3-week-old and three from 8-week-old mice), and differentially expressed genes were found using the local pooled error (LPE) statistical test (Sϩ ArrayAnalyzer ver. 2; Insightful Corp., Seattle, WA). The resampling technique was used to control the false-discovery rate (FDR). The LPE test is effective in identifying differentially ex- Analysis of 45,038 probe sets of the Mouse Genome 430 2.0 Array chip using LPE testing with default parameters identified 4884 probe sets with an FDR of less than 5%. Among the 4884 probe sets, the top 1000 (as ranked by statistical significance) with an FDR of less than 5% were further filtered for changes. Differentially expressed gene transcripts at more than threefold were used to generate relevant interaction networks using Ingenuity Pathways Analysis (IPA; www.ingenuity.com/ Ingenuity Systems, Redwood City, CA). This is a Web-based application that enables the discovery, visualization, and exploration of interaction networks significant to cDNA microarray data sets. A data set containing gene identifiers and corresponding multiples of change (x-fold) in expression were uploaded as a tab-delimited text file. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base (IPKB; Ingenuity Systems). A change cutoff of 3-fold was set to identify genes with expression that was significantly differentially regulated. These genes, called "focus genes," were then used as the starting point for generating biological networks. A group of extracellular matrix gene-gene interactions in mouse sclera during ocular growth was identified.
Real-Time PCR
Eight genes that showed significant differential expression profiles with cDNA microarray analysis were confirmed for expression by real-time PCR analysis (SYBR Green PCR Master Mix; Applied Biosystems [ABI], Foster City, CA). Primers were designed on computer (Primer Express software; ABI) to amplify 60-to 150-bp cDNA fragments across intron-exon boundaries ( Table 1 ). The mouse ␤-actin gene was used as an internal control based on its constant level of expression across different age groups in the present cDNA microarray analysis. Standard curves were generated for each gene. The dye (SYBR Green I; ABI) binds to the minor groove of double-stranded (ds)DNA; thus, the fluorescent quantification could contain signals from selfcomplementary primer-dimer pairs. To determine the specificity of DNA quantification, a melting curve was generated for each gene. The same scleral RNA from both pooled samples used for microarray analysis (18 each at 3-and 8-weeks of age including the 3-week-old mouse subset sample with large variations), and samples isolated from one 3-and one 8-week-old mouse were used for real-time PCR analysis. After reverse transcription of total RNA (Superscript II cDNA synthesis kit; Invitrogen), the cDNA was in vitro transcribed to produce cRNA (Epicenter, Madison, WI). The cRNA was then used as a template for the second cycle of cDNA synthesis. Real-time PCR was performed using 0.5 L of cDNA in a 10-L reaction for 40 cycles under the following conditions: 60°C for 1 minute, 95°C for 15 seconds and 300 nM of each primer. All experiments were performed in triplicate (model 7900HT Sequence Detection System; ABI).
RESULTS
The cDNA Microarray Analysis of Expressed Genes
A mouse whole-genome expression array containing representations of more than 39,000 gene transcripts (45,038 probe sets) was used in the study. Three independent pooled replicates for each age group of 3-and 8 week-old mice were prepared and hybridized to six microarray chips (GeneChip Mouse Genome 430 2.0 Array; Affymetrix). The percentage of gene transcripts detected as present on array chips ranged from 46% to 52%. Analysis of the 45,038 probe sets identified 4884 transcripts with a significant FDR of less than 5% (P Ͻ 0.05). The top 1000 transcripts with the lowest FDR among the 4884 probe sets were filtered for threefold changes between different age groups, and 718 were retained (Fig. 1 ). Among these 718 gene transcripts, 210 were upregulated and 508 were downregulated in adult relative to juvenile mouse sclera. The top 40 up-and downregulated (ranked by fold-change) gene transcripts are listed in Tables 2 and 3 , respectively.
Hierarchical clustering of gene expression data from each of the 3-and 8-week-old mouse sclera chips showed a higher degree of similarity within each age group than between different groups (Fig. 2) . The biological replicates for each age group were clearly clustered together.
The 718 gene transcripts represent 10 functional categories based on literature review and the use of the Entrez Gene database (http://www.ncbi.nlm.nih.gov/entrez; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). The functional categories listed include cell adhesion (2.5%), extracellular matrix (11.6%), cytoskeleton (5.4%), signal transduction (17.8%), organogenesis (9.4%), apoptosis (1.2%), transcription (9.2%), transporter (8.6%), metabolism (9.2%), and EST (expressed sequence tag; 26.8%).
Validation of Gene Expression with Real-Time PCR
Eight genes displaying a high ratio of differential expression in microarray analysis or functionally related to extracellular matrix composition were chosen for further validation by realtime PCR analysis. Four upregulated and four downregulated in adult relative to juvenile mouse sclera were selected. Upregulated genes included kinesin family member 5A (KIF5A), extracellular proteinase inhibitor (EXPI), vitronectin (VTN), and neurogenic differentiation 1 (NEUROD1). The downregulated genes included procollagen V␣1 (COL5A1), procollagen type XI␣2 (COL11A2), elastin (ELN), and transforming growth factor ␤1 (TGFB1). Their differential expression profiles were verified by quantitative real-time PCR (SYBR Green; ABI) using total RNA from both pooled samples, the same sample used for microarray analysis, and samples isolated from one 3-and one 8-week-old mouse sclera. A melting curve was generated for each gene, and a single specific PCR product melted at the expected temperature was confirmed for all eight genes. The housekeeping gene ␤-actin was used as an internal control to normalize gene expression quantity, as its expression remained constant between different age groups based on our cDNA microarray analysis.
As shown in Figure 3 , the real-time PCR results confirmed the microarray data, and the up-and downregulated genes in microarray experiments showed corresponding increased or decreased expressions with real-time PCR analysis. However, the multiples of change (x-fold) determined by the two techniques varied. For example, for collagens 5A1 and 11A2, microarray analysis showed downregulation of 12-and 10-fold after normalization by the housekeeping gene ␤-actin, respectively. The real-time PCR analysis showed only six-and sevenfold changes, respectively.
Downregulation of TGF-␤1 and Collagen Genes in Adult Sclera
The 4884 expressed gene transcripts with less than 5% FDR includes several major collagen types, such as types I to VI, VIII, X to XII, XIV to XV, XVIII to XIX, and XXIV. Among them, collagen types I, III to VI, and XI showed significant downregulation ranging from 3-to 24-fold in adult sclera. In addition, the extracellular matrix-associated genes elastin, integrin A5, and integrin B1, were significantly downregulated at 10-, 3-and 3-fold, respectively. Integrin A5 and B1 are components of the fibronectin receptor, which mediates cell-matrix adhesion. 37 Analysis of expressed genes found TGF-␤, -␤1, -␤2, and -␤3 present in mouse sclera (Ͻ5% FDR). However, only TGF-␤1 showed differential expression at more than threefold. We used the IPA program to highlight specific extracellular matrix genes thought to be involved in gene-gene interactions in mouse sclera during ocular growth, with the change notations shown in Figure 4 . Hierarchical clustering of gene expression data from 3-and 8-week-old mouse sclera based on expression level. Genes with a similar level of expression were grouped together along the vertical axis and genes with similar pattern of expression were close to each other on the horizontal axis. The biological replicates for each age group were clearly clustered together. A greater degree of similarity was observed within each age group than between different age groups.
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DISCUSSION
To our knowledge, this is the first study to investigate differential gene expression in mouse sclera. The cDNA microarray analysis in the present study identified the expression of approximate 4884 transcripts in mouse sclera with less than 5% FDR. There were 718 differentially expressed genes at more than threefold-210 upregulated and 508 downregulated-in the adult mouse sclera. Among differentially expressed genes, TGF-␤1 and several collagen genes were significantly downregulated (Fig. 4) . The broad and significant downregulation of collagen genes suggests that cellular signaling molecules mediate changes in mouse sclera remodeling. This is particularly important, considering that significant reductions in collagen contents and a corresponding reduced scleral thickness have been reported in both human myopic eyes and animal models of myopia. 8 -11 Results of this study support the hypothesis that scleral expansion and remodeling during myopic development and scleral enlargement during normal ocular growth could share a common signaling pathway to achieve an increase in scleral surface area and anterior-posterior globe size.
The TGFs are secreted cytokines which control extracellular matrix synthesis. 21 Scleral expression has been confirmed in various species. 15,21,38 -43 It has been reported that the family of TGFs play important roles in controlling collagen gene expression. 15, 21, 41 Our cDNA microarray study found TGF-␤, -␤1, -␤2, and -␤3 present in both juvenile and adult mouse sclera. Only TGF-␤1 showed significant differential expression at more than threefold. The other isoforms showed marginal changes at their expression levels. The role of TGF-␤1 in scleral remodeling has been studied in detail in myopic tree shrew. 21 TGF-␤1 expression was shown to be downregulated by 32%, 1 day after myopic development, with persistent lower levels of expression thereafter.
Information on the role of TGF-␤1 in normal ocular growth has been limited. Subconjunctival injections of TGF-␤1 had no effect on refractive error in control eyes, and effects on the myopic eyes were inconsistent due to large individual variation in a chick experimental myopia eye model study. 23 However, the presence of TGF-␤1 reduced the rescue efforts by basic fibroblast growth factor (bFGF) of the myopic eye by 50%, as measured by axial length, suggesting that bFGF may act partially through the TGF-␤1 pathway. Further characterization of TGF-␤1 and bFGF pathways in mouse sclera may help to delineate mechanisms of ocular growth.
Some early developmental genes may participate in late ocular growth. The homeobox gene Pax6 is essential for early ocular development, 44 and it remains expressed in the adult eyes. 45 In this study, we did not detect a significant change in Pax6 gene expression, nor did we find changes in the bone morphogenetic proteins (BMPs). Further data analysis and protein-protein interacting network exploration may help to uncover connections among differentially expressed genes.
Studies of human myopic eyes show a significant decrease in scleral thickness and changes in collagen morphology. 8 -11 Similar morphologic changes are also observed in animal models of myopia. [12] [13] [14] [15] [16] In myopic tree shrew sclerae, there was a 20% to 34% decrease in collagen type I expression and a 15% reduction in [ 3 H] proline incorporation, suggesting reduced collagen synthesis. 17, 20 The gene transcript expression profiles of collagen types III and V was unchanged. Our study also found significant downregulation in collagen type I gene expression. Unlike the myopic tree shrew, our study found decreased expression in several collagen genes, including types I, III to VI, and XI (Fig. 4) . The differences between the previous studies and the present study may be due to different animal models or different techniques. Additional information from other animal models may be useful.
The scleral fibrils are assembled by heterogeneous collagen types, and the expressions of subtypes are dependent on var-FIGURE 3. Real-time PCR quantification of differentially expressed scleral genes. Sclera from 3-and 8-week-old mice were microdissected. Eight differentially expressed genes by microarray analysis were selected for real-time PCR analysis. PCR reactions were performed in triplicate for each gene. Product quantity was normalized using ␤-actin as an internal housekeeping gene control. Data are the mean of quantities in 8-week-old mouse sclera calibrated to quantities obtained from 3-week-old mouse sclera. The results are the means Ϯ SE of three replicates. ious tissues and structures. 46, 47 This study found 16 collagen subtypes present in mouse sclera. All collagen types have been recognized in sclera in previous animal studies. 17, [47] [48] [49] Among these 16 subtypes, only types I, III to VI, and XI showed significant downregulation in adult sclera (Fig. 4) . Differential expression of collagen gene subtypes in juvenile relative to adult mice may suggest different scleral fibril composition and subsequent alteration in scleral rigidity and mechanical properties.
Studies of scleral remodeling during normal and pathologic ocular growth have focused on known genes and factors historically. The cDNA microarray technology allows for gene expression study on a large scale. It is particularly important in ocular growth studies, as the molecular events occurring during development are complex, involving multiple factors and pathways. A detailed study of expressed scleral genes and a rational pathway during ocular development may help to identify signaling molecules that guide ocular growth.
